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Preparation Example A3 (Li,S + Sg, mixing/ pelletizing)

FIG.SA  FIG.SB FIG.SC
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reparation Example AT 8 mixin elletizin

FIG.6A FIG.6B FIG.6C

Preparation Example A2 (Li,S, mixing/ pelletizing)
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Preparation Example B2 (Li,S, mixing/ pelletizing)

(a)
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Comparative Example B
(5. mixingf melt-infiltration/ pelletizing)
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| —-— Li;S:Graphene=7:3/Preparation Example B2
: iz S:Graphene=8'2/Preparation Example B2-5

i»8:Graphene=8:1/Preparation Example B2-6

g5:5/ Preparation Example B2-7
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K1G.23

Comparation Example A3 (S-PAN, slurry casting)
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POSITIVE ELECTRODE FOR
METAL-SULFUR BATTERY,
MANUFACTURING METHOD THEREFOR,
AND METAL-SULFUR BATTERY
COMPRISING THE SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a National Stage of International
Application No. PCT/KR2018/010323 filed Sep. 4, 2018,
claiming priority based on Korean Patent Application No.
10-2017-0112542 filed Sep. 4, 2017.

TECHNICAL FIELD

The present invention relates to a metal-sultur battery, and
more particularly to a positive electrode of the metal-sulfur
battery.

BACKGROUND ART

Recently, with the rapid development of the electronic
device field and the electric vehicle field, the demand for
secondary batteries 1s increasing. In particular, with the trend
toward mimiaturization and light weight of portable elec-
tronic devices, there 1s a growing demand for secondary
batteries having a high energy density.

Among the secondary batteries, lithium-sulfur batteries
use a sulfur-based compound having a sulfur-sulfur bond as
a positive electrode active material and a carbon-based
matertal 1n which lithium 1ons can be mtercalated and
deintercalated as a negative electrode active matenal. In the
positive electrode of such a lithtum-sulfur battery, the oxi-
dation number of sulfur decreases as the bond between
sulfur and sulfur i1s broken during the reduction reaction
(discharge), and the oxidation number of sulfur increases as
the sultur-sultur bond 1s formed again during the oxidation
reaction (charging). The redox reaction 1s used to store and
generate electrical energy.

Such a lithtum-sulfur battery has an advantage of express-
ing a high energy density per weight, and elemental sulfur
used i the positive electrode active material has a high
energy density per weight, low cost, and no harm to the
human body. Therefore, as a next-generation secondary
battery to replace the lithium secondary battery in the future
market, lithium-sulfur batteries are receiving great attention,
and 1t 1s expected to have a great influence, for example, 1n
the mass Energy Storage System (ESS) and drone market.

However, a lithium-sulfur battery has a problem 1n that
battery capacity 1s low due to low utilization of sulfur as a
positive electrode active material (i.e., a ratio of sulfur
participating 1n an electrochemical oxidation reaction) when
the battery 1s working. In addition, the life of the lithium-
sulfur battery 1s shortened because sulfur (lithtum polysul-
fide) 1s eluted into the electrolyte when the battery 1is
working, and i some cases, due to precipitation of lithium
sulfide.

In addition, 1n the lithium-sultur batteries, the sulfur as a
positive electrode active material has low electrical conduc-
tivity, and thus, lithtum polysulfide, which 1s a main elec-
trochemical reaction medium of lithirum-sulfur batteries, 1s
difficult to form during the 1nitial charging or discharging of
lithium-sulfur batteries. Therefore, at low temperatures,
there 1s a problem that the battery characteristics are sig-
nificantly poor or the battery cannot work.

10

15

20

25

30

35

40

45

50

55

60

65

2

On the other hand, the conventional molding method for
producing the electrode 1s complicated and inferior 1n repro-
ducibility, in particular, the battery research using lithium
sulfide has a great difliculty 1n electrode development due to
susceptibility to moisture.

[Patent Document] Korea Patent Publication No.

10-2006-0023470

DISCLOSURE
Technical Problem

The problem to be solved by the present embodiment 1s to
provide a method for producing a positive electrode for a
metal-sulfur battery having a high capacity and stable life
characteristics. In addition, the present embodiment pro-
vides a metal-sulfur battery that can work even at low
temperatures, such as 0° C. to 10° C.

Technical Solution

One aspect of the present mvention to solve the above
technical problem provides a positive electrode for a
lithium-sultur battery. The positive electrode comprises a
positive electrode active material layer including carbon
material and sulfur-containing material. In the positive elec-
trode active material layer, a region in which the sulfur-
containing material 1s densified and a region in which the
carbon material 1s densified are arranged separately.

The sulfur-containing material may be Sg, Li1,S, sulfur-

1zed polymer, or a mixture of two or more thereof. For
example, the sulfur-containing material may be a mixture of
S and L1,S. The weight of S; may be higher than that of
L1,S 1n the positive electrode active material layer.
The carbon material may be graphene. The weight of the
sulfur-containing material may be higher than that of the
carbon material 1n the positive electrode active material
layer. The positive electrode active material layer may
include 60 to 90 wt % of the sulfur-containing material and
the remaining wt % of the carbon matenal.

In the region where the sulfur-containing material 1s
densified, nano-sized sulfur-containing material particles
may be aggregated and surrounded by the carbon matenal.
The sulfur-containing material may comprise lithium sulfide
nanoparticles, and some of the lithium sulfide nanoparticles
may be rod-shaped nanoparticles. The sulfur-contaiming
material may comprise lithrum sulfide, and the lithium
sulfide has an orthorhombic crystal phase.

Another aspect of the present invention provides a method
for producing a positive electrode for a metal-sulfur battery.
The method comprises preparing a mixture of carbon mate-
rial and sulfur-containing material, and putting the mixture
into a mold to pressurize to form a positive electrode active
material layer which 1s a freestanding film.

The sulfur-containing material may be S,, L1,S, sulfur-
1zed polymer, or a mixture of two or more thereol. The
sulfur-containing material may be a mixture of S, and Li1,S.
The weight of S; may be higher than that of L1,S 1n the
positive electrode active matenal layer. The weight of the
sulfur-containing material may be higher than that of the
carbon material 1n the mixture. The pressurization may be
performed at 750 to 1100 MPa.

The sulfur-containing material may contain L1,S, and the
L1,S may have a cubic phase in the mixture, and after being
pressed, 1s changed into an orthorhombic phase in the
positive electrode active material layer.
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Another aspect of the present imnvention provides a metal-
sulfur battery. The battery comprises the positive electrode,
a negative electrode positioned to face the positive electrode,
and an electrolyte located between the positive electrode and
the negative electrode. The electrolyte may be a non-
aqueous liquid electrolyte. The electrolyte may further
include an ammonium salt.

Advantageous Effects

As described above, according to the present invention,
by manufacturing a positive electrode capable of exhibiting
a high utilization rate of sulfur, it 1s possible to provide a
metal-sulifur battery having high capacity and stable life
characteristics. In addition, by introducing an additive into
the electrolyte, 1t 1s possible to promote the formation of
lithium polysulfide to make a metal-sulfur battery capable to
work at low temperature.

However, eflects of the present invention are not limited
to the above-mentioned eflects, and other eflects not men-
tioned will be clearly understood by those skilled 1n the art
from the following description.

DESCRIPTION OF DRAWINGS

FIG. 1A 1s a schematic diagram showing a positive
clectrode for a metal-sulfur battery according to an embodi-
ment of the present invention, and FIG. 1B 1s a schematic
diagram showing a positive electrode for a metal-sulfur
battery according to another embodiment of the present
invention.

FIGS. 2A, 2B, and 2C are, respectively, a scanming
clectron microscopy (SEM) image, an energy dispersive
x-ray spectroscopy (EDS) image 1in which a sulfur compo-
nent 1s detected, and an EDS image in which a carbon
component 1s detected for same cross section of the positive
clectrode active material layer according to Preparation
Example A2.

FIGS. 3A and 3B show transmission electron microscopy
(TEM) mmages showing an enlarged portion of a cross
section of the positive electrode active material layer accord-
ing to Preparation Example A2.

FIGS. 4A, 4B, and 4C are, respectively, a SEM 1mage, an
EDS mmage in a sulfur component 1s detected, and an EDS
image 1n which a carbon component 1s detected for same
cross section of the positive electrode active material layer
according to Preparation Example A3.

FIGS. 5A, 3B, and 3C are, respectively, a SEM 1mage, an
EDS mmage in a sulfur component 1s detected, and an EDS
image 1n which a carbon component 1s detected for same
cross section of the positive electrode active material layer
according to Preparation Example A4.

FIGS. 6 A, 6B, and 6C are, respectively, a SEM 1image, an
EDS 1mmage 1n a sulfur component 1s detected, and an EDS
image 1n which a carbon component 1s detected for same
cross section of the positive electrode active matenal layer
according to Preparation Example Al.

FIGS. 7A and 7B are a TEM 1mage showing an enlarged
portion ol a cross section of the positive electrode active
material layer according to Preparation Example A2 and a
selected area electron diffraction (SAED) image for the
region indicated in the TEM 1mage, respectively.

FIGS. 8A and 8B are, respectively, a SAED 1mage and a
TEM 1mage of enlarged view of a portion of a cross section
of the positive electrode active material layer taken after
driving the lithrum-sulfur battery according to Preparation
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4

Example B2 with the positive electrode active material layer
according to Preparation Example A2.

FIG. 9 1s a graph showing charge and discharge charac-
teristics of a lithium-sulfur battery according to Preparation
Example B1.

FIG. 10 1s a graph showing charge and discharge char-
acteristics of a lithium-sulfur battery according to Compara-
tive Example B1.

FIG. 11 1s a graph showing charge and discharge charac-
teristics of a lithtum-sulfur battery according to Preparation
Example B2 and Comparative Example B2.

FIG. 12 1s a graph showing cycle characteristics of a
lithium-sulfur battery according to Preparation Example B2
and Comparative Example B2.

FIG. 13 1s a graph showing charge and discharge char-
acteristics of a lithium-sulfur batteries according to Prepa-
ration Example B2 and Preparation Example B3 at room
temperature of about 30° C.

FIGS. 14 and 15 are graphs showing charge and discharge
characteristics of lithium-sulfur batteries according to
Preparation Example B2 and Preparation Example B5 at low
temperature of about -10° C., respectively.

FIGS. 16 and 17 are graphs showing charge and discharge
characteristics of lithrum-sulfur batteries according to
Preparation Example B2 and Preparation Example B3,
respectively.

FIG. 18 1s a graph showing the final thickness of the
positive electrode active material layer according to Prepa-
ration Examples A2, A2-1, A2-2, and A2-3.

FIG. 19 1s a graph showing cycle characteristics of a
lithium-sulfur battery according to Preparation Examples
B2, B2-1, B2-2, and B2-3.

FIGS. 20 and 21 are graphs showing charge and discharge
characteristics and cycle characteristics of lithium-sulfur
batteries according to Preparation Examples B2, B2-4, B2-5,
B2-6, and B2-7, respectively.

FIG. 22 1s an optical image of the positive electrode active
maternal layer according to Preparation Example A4.

FIG. 23 1s an optical image of the positive electrode active
material layer according to Comparative Example A3.

FIG. 24 1s a graph showing the charge and discharge
characteristics of the lithium-sulfur battery according to
Preparation Example B4 with different rates.

FIG. 25 1s a graph showing charge and discharge char-
acteristics of lithium-sulfur batteries according to Prepara-
tion Example B2 and 1ts modifications, 1n which the loading
of Sulfur was 15 mg/cm and 20 mg/cm instead of 10 mg/cm,
which 1s the loading of Sulfur in Preparation Example B2.

FIG. 26 shows an 1n-situ Raman graph for the positive
clectrode active material layer when the lithium-sulfur bat-

tery according to Preparation Example B2 i1s initially
charged.

MODES OF THE INVENTION

Hereinatter, the present invention will be described 1n
further detail with reference to examples.

It will be understood by one of ordinary skill 1n the art that
the following embodiments are provided for illustrative and
exemplary purposes only, and that numerous combinations
and modification of the elements of the various embodi-
ments of the present mvention are possible.

FIG. 1A 1s a schematic diagram showing a positive
clectrode for a metal-sulfur battery according to an embodi-
ment of the present invention, and FIG. 1B 1s a schematic
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diagram showing a positive electrode for a metal-sulfur
battery according to another embodiment of the present
invention.

Referring to FIGS. 1A and 1B, a positive electrode active
maternial layer 200 including a carbon material 210 and a
sulfur-containing material 220 may be provided.

In the positive electrode active material layer 200, the
carbon material 210 and the sulfur-containing material 220
may form a composite. Specifically, the composite may have
a structure 1n which the sulfur-containing material 220 1s
dispersed on the surface of the carbon maternial 210 or
between the carbon materials 210. In detail, regions 1n which
the sulfur-containing materials 220 are densely located and
regions in which the carbon materials 210 are densely
located may be separately disposed 1n the positive electrode
active material layer 200. In this case, the region in which
the sulfur-containing materials 220 are densely located may
mean a region where the density or the concentration of the
sulfur-contaiming material 220 1s higher than that of the
carbon material 210, and the region in which the carbon
materials 210 are densely located may mean a region where
the density or the concentration of the carbon material 210
1s higher than that of the sulfur-containing maternial 220.

The positive electrode active material layer 200 1s a layer
not including a binder such as a polymer binder, and may be
a layer including only the carbon maternial 210 and the
sulfur-containing material 220. As an example, the positive
clectrode active material layer 200 may contain about 60 to
90 wt % of the sulfur-containing material 220 and the
remaining wt % of carbon material 210. In this case, the
sulfur-containing material 220 may be contained at about 60

to 80 wt %, about 60 to 75 wt %, about 65 to 75 wt %, for

example about 70 wt %. In addition, the positive electrode
active matenal layer 200 may have a loading amount of
sulfur of 2 to 30 mg/cm”, specifically 5 to 25 mg/cm”, and
more specifically 10 to 20 mg/cm”. This may be a significant
increase compared to the loading amount of sulfur in a
positive electrode active material layer which 1s formed by
the conventional slurry casting method.

The positive electrode active material layer 200 may have

a thickness of about 90 to 100 pum.

The carbon material 210 may be a conductive carbon
material, for example, graphene or carbon nanotubes (CN'T).
For example, the carbon material 210 may be graphene. The
graphene may be graphene flakes obtained from reduced
graphene oxide or graphite.

The sulfur-containing material 220 may be elemental
sulfur, a metal sulfide, a sulfurized polymer, or a mixture of
two or more thereof. The elemental sulfur may be an
octasulfur (Sg;) molecule, specifically a cyclo-octasultur
(cyclo-S,) molecule. The metal sulfide may be lithium
sulfide such as L1,S. The sulturized polymer may be, for
example, sulfur-polyacrylonitrile (S-PAN), sultur-polyani-
line, sultur-(1,3-diisopropenylbenzene  polyvinylidene
dichloride), or sulfur-(polyvinylidene dichloride-co-acry-
lonaitrile).

In specific embodiments, the sulfur-containing material
220 may be elemental sulfur, lithium sulfide such as L1,S, or
a sulturized polymer as shown 1n FIG. 1A, or a mixture of
clemental sulfur 222 and lithium sulfide 221 as shown 1n
FIG. 1B. Here, the elemental sulfur may be contained in a
greater weight than lithium sulfide. When the sulfur-con-
taining material 220 1s a mixture of elemental sulfur and
lithium sulfide, the discharge efliciency 1s improved by
increasing the amount of sulfur that can participate 1n the
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reaction during the discharge after charging in a metal-sulfur
battery, thereby greatly lowering the 1initial 1rreversible
capacity.

The sulfur-containing material 220 may have a form 1n
which nano-sized sulfur-containing material particles are
aggregated and may be wrapped by the carbon material 210.
Specifically, aggregates of lithium sulfide (LL1,S) among the
sulfur-containing material 220 have an average diameter of
a micron size, specifically, several micrometers to several
tens ol micrometers, for example, 1 um to 99 um, 1 um to
50 um, more specifically 1 um to 20 um. The aggregates of
clemental sulfur (55) among the sulfur-containing material
220 may have an average diameter of 1 um or less, for
example, 0.001 um to 0.9 um, specifically, 0.01 um to 0.9
um. Some of the lithium sulfide nanoparticles included 1n the
lithium sulfide aggregate may have a rod shape. In addition,
the lithium sulfide nanoparticles may have an orthorhombic
crystal phase, and further, the space group thereof may be
Pnma, and may have a Cs2S structure. Considering that
lithium sulfide generally exhibits a cubic phase, the phase
change of lithtum sulfide may be due to the pressure applied
in the process ol forming the positive electrode active
material layer.

The positive electrode active material layer 200 may be a
free standing pellet formed by mechanically mixing the
carbon material 210 and the sulfur-containing material 220
to form a mixture, and then placing the mixture into a mold
and pressing the mixture.

Conventionally, a positive electrode active matenal layer
containing sulfur 1s formed using a method of impregnating
a carbon material with a sulfur-containing material, specifi-
cally, a method of melt-infiltration including melting a
sulfur-containing material and impregnating a carbon mate-
rial with the melted sulfur-containing material; or a method
of casting a slurry containing a sulfur-containing material, a
carbon material, and a binder on a current collector. In the
case of the positive electrode active matenal layer formed by
melt-infiltration, the sulfur-containing material 1s filled in
the carbon material and bonded to the carbon material with
almost homogeneous and sparse distribution in the positive
clectrode active material layer; thus, metal 10ns, 1n particu-
lar, lithium 10ons may be difficult to transfer to the sulfur-
containing maternial, thereby lowering charge and discharge
capacity. On the other hand, 1n the present embodiments, the
sulfur-containing material 220 1s densely distributed
between the surfaces of the carbon material 210 or between
the carbon materials 210, thereby increasing the accessibil-
ity of lithium 10ns to the sulfur-containing material 220 to
increase utilization rate of sulfur. Accordingly, 1t 1s possible
to exhibit a more excellent effect 1n terms of the capacitance
of the lithium-sulfur battery including the positive electrode
active material layer 200. Meanwhile, 1n the case of the
positive electrode active material layer formed by using
slurry casting, the binder 1s essentially contained, so that a
specific capacity, which 1s a capacity per unit weight, may be
significantly lower than that of the present embodiment.

In the mixture, the carbon material 210 and the sulfur-
containing material 220 may have a weight ratio, for
example, 0.5:9.5 to 9.5:0.5. In the mixture, the sulfur-
containing material 220 may be contained at a higher weight
than the carbon material 210, specifically, the carbon mate-
rial 210 and the sulfur-contaiming material 220 may be
mixed at a weight ratio of 1:9 to 4:6, specifically 2:8 to 4:6,
more specifically 2.5:7.5 to 4:6, even more specifically
2.5:7.5 10 3.5:6.5, for example, a weight ratio of 3:7 (carbon
material:sulfur-containing material). For example, when the
sulfur-containing material 1s a mixture of elemental sulfur
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(Sq) and lithium sulfide, the elemental sulfur (Sg;) and
lithium sulfide may be 1included 1n a weight ratio of 60:40 to
95:3, specifically, 60:40 to 80:20, for example, 70:30.

The weight ratio may be 1n a range 1n which 1on transport
paths and energy densities can be secured with an appro-
priate content of sulfur-containing material 220 while form-
ing a conductive network by the carbon material 210 to
secure electrical conductivity of the electrode. In this
embodiment, the utilization rate of sulfur can be further
improved by disposing the sulfur-containing material 200
non-uniformly in the positive electrode active material layer
200 without significantly increasing the content of the
sulfur-containing material 220 in the positive electrode
active material layer 200.

The mixing, 1n particular, mechanical mixing by a mixer-
mill, may be performed at 80 rpm to 120 rpm, specifically
at 90 rpm to 110 rpm, more specifically at 95 rpm to 105
rpm, for 30 minutes to 90 minutes, specifically 45 minutes
to 75 minutes.

The positive electrode active material layer 200 may be
manufactured by pressing the mixture. Specifically, the
mixture can be placed 1n a mold and pressurized using, for
example, a hydraulic press. For example, the pressure
applied to the positive electrode active matenial layer 200
may be 250 to 1200 MPa, specifically 750 to 1100 MPa, and
more specifically 900 to 1050 MPa.

Accordingly, the positive electrode active maternial layer
200 may not be applied on a substrate or a current collector,
but may be used as an electrode by itself. Specifically, the
positive electrode active material layer 200 may be a free-
standing {ilm, and more specifically, the freestanding film
may be laminated 1n multiple layers for use as a positive
clectrode. Even in this case, the positive electrode active
material layer 200 may maintain access to the sulfur-con-
taining material 220.

In addition, the method of manufacturing the positive
clectrode active maternial layer 200 through the pressuriza-
tion without adding an 1nert material such as a binder that do
not contribute to capacity can increase specific capacity and
the utilization rate of sulfur.

Furthermore, the positive electrode manufacturing
method of the present embodiment which performs only a
simple mixing and pressurization process ol the carbon
maternial and the sulfur-containing material can exhibit a
simplification of the process while increasing the utilization
rate of sulfur.

A metal-sulfur battery (not shown) including the positive
clectrode active material layer 200 may be provided. Spe-
cifically, the metal-sulfur battery may be an alkali metal-
sulfur battery, more specifically, a lithtum-sulfur battery. The
metal-sulfur battery may include a positive electrode includ-
ing the positive electrode active material layer 200, a nega-
tive electrode positioned to face the positive electrode, a
separator positioned between the positive electrode and the
negative electrode, and an electrolyte impregnated within
the positive electrode, the negative electrode and the sepa-
rator.

The negative electrode may include a lithium metal or a
lithium alloy as an active material. In this case, the lithium
alloy may be an alloy of lithtum with at least one metal
selected from the group consisting of Na, K, Rb, Cs, Fr, Be,
Mg, Ca, Sr, Ba, Ra, Al, and Sn.

The separator may enable transport of lithium ions
between the positive electrode and the negative electrode
while separating or insulating the positive electrode and the
negative electrode from each other. The separator may be
made of a porous, nonconductive or insulating material.
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The electrolyte may be a liqud electrolyte. Specifically,
the liguid electrolyte may be a non-aqueous electrolyte, that
1s, lithium salt dissolved 1n an organic solvent. The organic
solvent may be an aprotic solvent, specifically, may be any
one selected from the group consisting of N-methyl-2-
pyrrolidinone, propylene carbonate, ethylene carbonate,
butylene carbonate, dimethyl carbonate, diethyl carbonate,
cthylmethyl carbonate, gamma-butyl lactone and 1, 2-dime-
thoxy ethane. The lithium salt may be used without particu-
lar limitation as long as 1t 1s used 1n a conventional lithium
battery. For example, the lithium salt may be at least one
compound selected from the group consisting of LiSCN,
LiBr, Lil, LiNO,, LiPF. LiBF,, LiSbF. LiAsF,,
[1CH,SO,, LiCF,SO,, LiClO,, Li(Ph),, LiC(CF,SO,),,
LIN(CF;S0,),, LIN(C,F:S0O,),, and LiN(CF;CF,S0,)..

The electrolyte may further include an additive. The
additive may lower the activation energy for the formation
of lithium polysulfide from a sulfur-containing material, for
example lithium sulfide, which 1s a positive electrode active
material, 1n the 1mitial charge, thereby reducing the operation
temperature of the cell even at low temperatures, specifically
from -20° C. to 10° C. Thus, by solving the problem of the
lithium-sulfur battery, which can work only at room tem-
perature (about 25° C. to 30° C.) 1n the past, 1t 1s possible to
further improve the performance of the battery.

The additive may be an ammonium compound, speciii-
cally an ammonium 1on-containing compound capable of
providing ammonium ions (NH**), more specifically an
ammonium salt. For example, the additive may be ammo-
nium nitrate. More specifically, the ammonium 1ons in the
additive may promote the formation of lithium polysulfide.
For example, the additive may be contained in 0.01M to
2.0M, specifically, 0.1M to 1.5M.

Hereinatter, exemplary examples are provided to help 1n
understanding the present invention. However, the following
examples are merely provided to help 1in understanding of
the present invention, and the present invention 1s not
limited to the following examples.

Preparation Examples of Positive Electrode Active
Matenal Layer

Preparation Example Al: Preparation of
S.-Containing Positive Flectrode Active Material
Layer

A mixture of 0.03 g of graphene and 0.07 g of elemental
sulfur powder (S; powder) was mixed with a mixer-maill at
8 Hz for 30 minutes. A portion of the mixture was placed 1n
a mold and pressurized to 40 MPa by a hydraulic press to
prepare a positive electrode active matenial layer. In this
case, the pressure received by the positive electrode active
material layer was 1 GPa 1n consideration of the area of the
positive electrode active material layer. The weight ratio
between the materials 1n the positive electrode active mate-
rial might be maintained to be the same as the mixture.

Preparation Example A2: Preparation of
L1,S-Containing Positive Electrode Active Material
Layer

A positive electrode active matenal layer was prepared 1n
the same manner as 1n Preparation Example Al, except that
0.07 g of lithium sulfide (L1,S) was used instead of 0.07 g

of the elemental sultur powder.
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Preparation Examples A2-1 to A2-3: Preparation of
L1,S-Containing Positive Electrode Active Material
Layer

Positive electrode active matenal layers were prepared in
the same manner as in Preparation Example A2, except that
the pressure recerved by the positive electrode active mate-
rial layer when pressurized by the hydraulic press was 750
MPa (Preparation Example A2-1), 500 MPa (Preparation
Example A2-2), and 250 MPa (Preparation Example A2-3),
instead of 1 GPa.

Preparation Examples A2-4 to A2-7: Preparation of
L1,S-Containing Positive Electrode Active Material
Layer

Positive electrode active matenal layers were prepared in
the same manner as 1n Preparation Example A2, except that
0.04 g of graphene and 0.06 g of lithium sulfide (Preparation
Example A2-4), 0.02 g of graphene and 0.08 g of lithium
sulfide (Preparation Example A2-5), 0.01 g of graphene and
0.09 g of lithum sulfide (Preparation Example A2-6), or
0.005 g of graphene and 0.095 g of lithium sulfide (Prepa-
ration Example A2-7) were used instead of 0.03 g of
graphene and 0.07 g of lithium sulfide.

Preparation Example A3: Preparation of S; &
L1,S-Containing Positive Electrode Active Material
Layer

A positive electrode active material layer was prepared 1n
the same manner as 1n Preparation Example Al, except that
a mixture of 0.03 g of graphene, 0.05 g of elemental sulfur
powder, and 0.02 g of lithium sulfide (L1,S) was used
instead of a mixture of 0.03 g of graphene and 0.07 g of the
clemental sulfur powder.

Preparation Example A4: Preparation of S-PAN
Containing Positive Electrode Active Matenal
Layer

A mixture of 0.02 g of graphene and 0.08 g of S-PAN
(sulfur-polyacrylonitrile) was mixed with a mixer-mill at 8
Hz for 30 minutes. A portion of the mixture was placed 1n
a mold and pressurized to 40 MPa by a hydraulic press to
prepare a positive electrode active matenial layer. In this
case, the pressure received by the positive electrode active
material layer was 1 GPa 1n consideration of the area of the
positive electrode active material layer. The weight ratio
between the matenials 1n the positive electrode active mate-
rial might be maintained to be the same as the mixture.

Comparative Example Al: Preparation of
S.-Containing Positive Electrode Active Matenial
Lavyer

A positive electrode active material layer was prepared 1n
the same manner as 1n Preparation Example Al, except that
the milled mixture was heat-treated at 600° C. for 13 hours
betfore being pressurized with a hydraulic press. By the heat
treatment, the elemental sulfur S, was melted and uniformly
supported 1n the graphene, that isj between the graphene unit
layers.

Comparative Example A2: Preparation of
L1,S-Containing Positive Electrode Active Material
Layer (Slurry Coating)

A slurry for a positive electrode active material in which
0.001 g of graphene, 0.008 g of lithium sulfide, and 0.001 g
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of binder (Polyvinylidene fluoride, PVdF) were mixed 1n a
solvent (N-Methyl-2-pyrrolidone) was applied on aluminum
fo1l (current collector) and then dried to prepare a positive
clectrode active material layer.

Comparative Example A3: Preparation of S-PAN
Containing Positive Electrode Active Material
Layer (Slurry Coating)

A slurry for a positive electrode active material 1n which
0.001 g of graphene, 0.008 g of S-PAN, and 0.001 g of
binder (Polyvinylidene fluoride, PVdF) were mixed 1n a
solvent (N-Methyl-2-pyrrolidone) was applied on aluminum
fo1l (current collector) and then dried to prepare a positive
clectrode active material layer.

Preparation Examples of Lithium-Sulfur Battery

Preparation Example Bl to B4, and B2-1 to B2-7

Coin cells contaiming the positive electrode active mate-
rial layer prepared by any one of the above-described
Preparation Examples Al to A4, and A2-1 to A2-7, a positive
electrode current collector which 1s an aluminum foil, a
negative electrode of lithtum foil, and an electrolyte includ-
img 0.5 M hthium bis(trifluoromethanesulionyl) 1mide
(L1TFSI) and 0.8 M LiNO; 1n dimethoxyethane and 1,2-

dioxolane (DOL) 1n a volume ratio of 1:1 were prepared.

Preparation Example B5: Preparation of
Lithium-Sulfur Battery Containing Ammonium
Nitrate in Electrolyte

Coin cell containing the positive electrode active material
layer prepared by the Preparation Example A2, a positive
electrode current collector which 1s an aluminum foil, a
negative electrode of lithium foil, and an electrolyte includ-
ing 0.25M ammonium nitrate, 0.5 M lithium bis(trifluo-
romethanesulfonyl) 1mide (Li1TFSI) and 0.8 M LiNO; i

dimethoxyethane and 1,2-dioxolane (DOL) 1n a volume

ratio of 1:1 was prepared.

Comparative Example Bl to B3

Coin cells containing the positive electrode active mate-
rial layer prepared by any one of the above-described
Comparative Examples Al to A3, a positive electrode cur-

rent collector which 1s an aluminum foil, a negative elec-
trode of lithium {foil, and an electrolyte mcluding 0.5 M
lithium bis(trifluoromethanesulfonyl) 1mide (LiTFSI) and
0.8 M LiNO; 1n dimethoxyethane and 1,2-dioxolane (DOL)
in a volume ratio of 1:1 were prepared. The positive elec-
trode active material layer prepared by the Comparative

Example Al was positioned on the positive electrode current

collector which 1s an aluminum foail.

Specific conditions of Preparation Examples and Com-
parative Examples are summarized in Table 1 below.
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TABLE 1

T

Positive electrode Active Material Laver

Preparation Method

Materials pressure on
sulfur- positive
containing thermal electrode Battery
carbon material  binder treatment active additive
(weight (weight  (weight after material 1n
ratio) ratio) ratio) MIXIng layer electrolyte
Preparation  graphene Se — — 1 GPa Preparation —
Example (3) (7) Example
Al Bl
Preparation  graphene Li5S — — 1 GPa Preparation —
Example (3) (7) Example
A2 B2
Preparation = NH,NO,
Example 025 M
B3
Preparation  graphene Li5S — — 750 MPa Preparation —
Example (3) (7) Example
A2-1 B2-1
Preparation  graphene Li5S — — 500 MPa Preparation —
Example (3) (7) Example
A2-2 B2-2
Preparation  graphene Li15S - - 250 MPa Preparation -
Example (3) (7) Example
A2-3 B2-3
Preparation  graphene Li5S — — 1 GPa Preparation —
Example (4) (6) Example
A2-4 B2-4
Preparation  graphene L1,S — — 1 GPa Preparation —
Example (2) (8) Example
A2-5 B2-5
Preparation  graphene Li5S — — 1 GPa Preparation —
Example (1) (9) Example
A2-6 B2-6
Preparation  graphene L15S — — 1 GPa Preparation —
Example (0.5) (9.5) Example
A2-7 B2-7
Preparation  graphene Sg & Li15S — — 1 GPa Preparation —
Example (3) (7) Example
A3 B3
Preparation  graphene S-PAN — — 1 GPa Preparation —
Example (2) (8) Example
A4 B4
Comparative graphene Se — 600° C., 1 GPa Comparative —
Example (3) (7) 13 h Example
Al Bl
Comparative graphene Li15S PVdF slurry Comparative -
Example (1) (8) (1) casting Example
A2 B2
Comparative graphene S-PAN PVdF slurry Comparative —
Example (1) (8) (1) casting Example
A3 B3

component 1s concentrated (FIG. 2B) are separated or dis-
clectron microscopy (SEM) image, an energy dispersive tinguished from each other. From the above, 1n the case of
x-ray spectroscopy (EDS) image 1in which a sulfur compo- the positive electrode active material layer in which the
nent 1s detected, and an EDS 1mage mn which a carbon ; graphene and the lithium sulfide are mechanically mixed and
component 1s detected for same cross section of the positive then pelletized by pressing, 1t can be assumed that the
clectrode active material layer according to Preparation lithium sulfide-dense region and the graphene-dense region
Example A2. FIGS. 3A and 3B show transmission electron are separated or distinguished from each other.

microscopy (I'EM) images showing an enlarged portion of Referring to FIGS. 3A and 3B, 1t can be seen that a region

a cross section of the positive electrode active material layer 60 1n which lithium sulfide 1s concentrated 1s a region 1n which
according to Preparation Example A2. lithium sulfide particle aggregates are located. Each lithium

FIGS. 2A, 2B, and 2C are, respectively, a scannming

Referring to FIGS. 2A, 2B, and 2C, 1n the case of the sulfide particle aggregate has flocculated nano-sized lithium
positive electrode active material layer in which the gra- sulfide primary particles. It can be seen that the lithium
phene and lithtum sulfide are mechanically mixed and then sulfide particle aggregate has a micro meter size whose

pelletized by pressing according to Preparation Example A2, 65 maximum width 1s approximately 2 um. In addition, 1t can
it can be seen that the region 1n which the sulfur component be seen that lithtum sulfide particles 1n the form of rods are
1s concentrated (FI1G. 2B) and the region in which the carbon present among the nano-sized lithium sulfide primary par-
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ticles. In addition, 1t can be estimated that the lithium sulfide
particle aggregate 1s wrapped by the graphene sheet.
FIGS. 4A, 4B, and 4C are, respectively, a SEM 1mage, an
EDS 1mmage 1n a sulfur component 1s detected, and an EDS
image 1n which a carbon component 1s detected for same
cross section of the positive electrode active material layer
according to Preparation Example A3. FIGS. SA, 5B, and
5C are, respectively, a SEM 1mage, an EDS 1mage 1n a sulfur
component 1s detected, and an EDS 1mage 1n which a carbon
component 1s detected for same cross section of the positive
clectrode active material layer according to Preparation

Example A4. FIGS. 6A, 6B, and 6C are, respectively, a SEM

image, an EDS 1mage 1n a sulfur component 1s detected, and
an EDS 1mage in which a carbon component 1s detected for
same cross section of the positive electrode active material
layer according to Preparation Example Al.

Referring to FIGS. 4A, 4B, 4C, SA, 5B, and 5C, the
pellet-type positive electrode active material layer formed
by pressing a mixture of graphene, lithium sulfide, and
sulfur according to Preparation Example A3 includes a
region where the sulfur component 1s dense and a region
where the carbon component 1s dense. Likewise, the pellet-
type positive electrode active material layer formed by
pressing a mixture ol graphene and S-PAN according to
Preparation Example A4 includes a region where the sulfur
component 1s dense and a region where the carbon compo-
nent 1s dense. In both cases, the region where the sulfur
component 1s dense 1s distinguished from the region where
the carbon component 1s dense.

Referring to FIGS. 4A, 4B, 4C, 6A, 6B, and 6C, since
sultur (S,) 1s somewhat softer than lithium sulfide, 1t can be
seen that 1t spreads throughout the positive electrode active
material layer and exhibits a uniform distribution when
pressed for pelletization. However, even 1n this case, it 1s
determined that regions in which the sulfur (S;) nanopar-
ticles are concentrated are distributed in the positive elec-
trode active material layer.

FIGS. 7A and 7B are a TEM 1mage showing an enlarged

portion ol a cross section of the positive electrode active
material layer according to Preparation Example A2 and a

selected area electron diffraction (SAED) image for the
region 1ndicated in the TEM 1mage, respectively.

Referring to FIGS. 7A and 7B, 1n the case of the positive
clectrode active material layer which 1s pelletized by press-
ing the mixture of graphene and lithium sulfide, lithium
sulfide forms nanoparticles by pressurization (1 GPa). It can
be seen that the lithium sulfide nanoparticles exhibit an
orthorhombic phase, which 1s a crystal structure different
from the cubic phase originally possessed by lithium sulfide.

FIGS. 8A and 8B are, respectively, a SAED 1mage and a
TEM 1mage of enlarged view of a portion of a cross section
of the positive electrode active material layer taken after
driving the lithium-sulifur battery according to Preparation
Example B2 with the positive electrode active material layer
according to Preparation Example A2.

Referring to FIGS. 8A and 8B, it can be seen that the
orthorhombic phase of lithtum sulfide 1s maintained even
during the charging/discharging process.

FIG. 9 1s a graph showing charge and discharge charac-
teristics of a lithtum-sulfur battery according to Preparation
Example B1, and FIG. 10 1s a graph showing charge and
discharge characteristics of a lithium-sulfur battery accord-
ing to Comparative Example B1l. Here, constant current
discharge and charging were performed over one cycle at
1.9-2.8 V at 0.1 C, and then constant current discharge and
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charging at one cycle at 1.9-2.8 V at 0.2 C, and then constant
current discharge and charging at two cycles at 1.8-2.8 Vat
a rate of 0.5 C.

Referring to FIG. 9, a lithium-sulfur battery according to
Preparation Example B1 having a positive electrode active
material layer that was pelletized by pressing the mixture of
graphene and sulfur (Sy) according to Preparation Example
Al shows the discharge capacity of 1200 mAh/g or more.

On the other hand, referring to FIG. 10, a lithium-sulfur
battery according to Comparative Example Bl having a
positive electrode active material layer that was pelletized
by pressing the melt-infiltrated mixture of graphene and
sulfur (Sg) according to Comparative Example Al exhibits
a discharge capacity of 100 mAh/g or less.

As such, the positive electrode active material layer
formed by mechanically mixing the graphene and the sulfur
(Sg) shows significantly improved the utilization rate of
sulfur (S5) compared to the positive electrode active material
layer formed by melting sulfur (S5) and impregnating the
graphene with the melted sulfur.

FIG. 11 1s a graph showing charge and discharge charac-
teristics of a lithtum-sulfur battery according to Preparation
Example B2 and Comparative Example B2, and FIG. 12 1s
a graph showing cycle characteristics of a lithium-sulfur
battery according to Preparation Example B2 and Compara-
tive Example B2. The charge and discharge characteristics
shown 1 FIG. 11 were obtained when constant current
charge and discharge were performed at 3.6-1.9 V at a rate
of 0.1 C, and the cycle characteristics shown in FIG. 12 were
obtained when constant current charge and discharge at
2.8-1.8 V at a rate of 0.5 C over 50 cycles. In addition, the
specific capacity shown in the X-axis of FIG. 11 and the
Y-axis of FIG. 12 1s the capacity with respect to the weight
of sulfur contained in the positive electrode active material.

Referring to FIGS. 11 and 12, a lithrum-sulfur battery
according to Preparation Example B2 including a positive
clectrode active material layer which was pelletized by
pressing the mixture of graphene and lithium sulfide (L1,S)
according to Preparation Example A2, shows a discharge
capacity close to 1200 mAh/g at the first cycle o1 0.1 C, and
a discharge capacity of 900 mAh/g or more up to 50 cycles
of 0.5 C.

However, a lithium-sulfur battery according to Compara-
tive Example B2 equipped with a positive electrode active
material layer formed by applying the slurry contaiming
graphene and lithium sulfide (LL1,S) onto a current collector
according to Comparative Example A2, shows a discharge
capacity of 400 mAh/g or less.

As described above, 1t can be seen that the positive
clectrode active material layer formed by mechanically
mixing graphene and lithium sulfide (L1,S) 1s significantly
improved compared to the positive electrode active material
layer formed by casting a slurry containing graphene and
lithium sulfide (L1,S).

FIG. 13 1s a graph showing charge and discharge char-
acteristics of a lithtum-sulfur batteries according to Prepa-
ration Example B2 and Preparation Example B3 at room
temperature of about 30° C. FIGS. 14 and 15 are graphs
showing charge and discharge characteristics of lithium-
sulfur batteries according to Preparation Example B2 and
Preparation Example B5 at low temperature of about —10°
C., respectively. Here, the charging was performed by con-
stant current charging at 0.1 c-rate up to 3.6 V, and the
discharge was performed by 1.9 V at the same rate as the
charging rate. In addition, the specific capacity shown on the
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X-axis of FIGS. 13 to 13 1s the capacity with respect to the
weight of the sulfur contained in the positive electrode
active matenal.

Referring to FIGS. 13, 14, and 15, lithtum-sulfur batteries
using the positive electrode active material layer formed by
mechanically mixing graphene and lithium sulfide can work
at room temperature about 30° C. regardless of the presence
of ammomum salt additives 1n the electrolyte. However, at
low temperatures of about —10° C., the battery without the
ammonium salt additive according to Preparation Example
B2 hardly works (FIG. 14), while the battery containing
ammonium salt additive according to Preparation Example
B5 can work as showing charge capacity similar to the case
when room temperature (FIG. 15). It 1s estimated that the
ammonium 10n of the ammonium salt additive lowers the
activation energy for forming lithium polysulfide from
lithium sulfide, so that charging can proceed smoothly even
at low temperatures.

FIGS. 16 and 17 are graphs showing charge and discharge
characteristics of lithrum-sulfur batteries according to
Preparation Example B2 and Preparation Example B3,
respectively. Here, charging was performed by constant
current charging at 0.1 c-rate up to 3.6 V, and discharge was
performed by 1.9 V at the same rate as the charging rate. In
addition, specific capacities shown on the X-axis of FIGS.
16 and 17 are capacity with respect to the weight of sulfur
contained 1n the positive electrode active material.

Referring to FIGS. 16 and 17, while the lithtum-sulfur
battery using the positive electrode active matenial layer
formed by mechanically mixing graphene and lithium sul-
fide according to Preparation Example B2 has an initial
charge/discharge efliciency of about 79% and an initial
irreversible capacity of about 350 mAh/g, the lithtum-sulfur
battery using the positive electrode active material layer
formed by mechanically mixing sulfur in addition to gra-
phene and lithium sulfide according to Preparation Example
B3 has an imitial charge/discharge etliciency of about 100%
and an 1rreversible capacity of almost zero. This shows that
in the case of adding sulfur 1n addition to lithium sulfide 1n
the positive electrode active material layer, the amount of
sulfur which can participate in the reaction during discharg-
ing after charging 1s increased to improve the discharge
elliciency and thus almost eliminate the 1nitial 1wrreversible
capacity.

FIG. 18 1s a graph showing the final thickness of the
positive electrode active material layer according to Prepa-
ration Examples A2, A2-1, A2-2, and A2-3.

Referring to FIG. 18, the positive electrode active mate-
rial layer betfore pressing showed a thickness of about 450
wm, but when pressed to about 1 GPa, the positive electrode
active material layer was reduced to a thickness of about 95
um. In the case of the positive electrode active material layer
for a lithrum-sulfur battery, 1t 1s necessary to contain a large
amount of conductive carbon 1n order to secure the conduc-
tivity, which may increase the thickness of the positive
clectrode active material layer. However, in the case of
forming the positive electrode active material layer by
pressing as 1n the present embodiment, there 1s an advantage
in that the thickness of the positive electrode active material
layer can be significantly lowered while securing the con-
ductivity.

FIG. 19 1s a graph showing cycle characteristics of a
lithium-sulfur battery according to Preparation Examples
B2, B2-1, B2-2, and B2-3. Here, the charging was per-
formed by constant current charging at 0.5 c-rate up to 2.8V,
and the discharge was performed by 1.8 V at the same rate
as the charging rate. In addition, the specific capacity shown
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on the Y-axis of FIG. 19 1s a capacity with respect to the
weight of sulfur contained in the positive electrode active
material.

Referring to FIG. 19, 1t can be seen that a lithium-sulfur
battery according to Preparation Example B2 having the
positive electrode active maternial layer formed by pressur-
ization at about 1 GPa exhibits the best discharge capacity
retention rate.

FIGS. 20 and 21 are graphs showing charge and discharge
characteristics and cycle characteristics of lithitum-sulfur
batteries according to Preparation Examples B2, B2-4, B2-5,
B2-6, and B2-7, respectively. The charge and discharge
characteristics shown 1n FIG. 20 are obtained when constant
current charge and discharge are performed at 3.6-1.9 V at
a rate of 0.1 C, and the cycle characteristics shown 1n FIG.
21 are obtained when constant current charge and discharge
are performed at 2.8-1.8 V at a rate of 0.5 C over 20 cycles.
In addition, the specific capacity shown on the X-axis of
FIG. 20 and Y-axis of FIG. 21 1s a capacity with respect to
the weight of sulfur contained in the positive electrode
active material.

Referring to 20 and 21, 1n case of the batteries having the
positive electrode active material layers comprising 60 to 90
wt % of lithium sulfide and remaining wt % of graphene
compared to the battery where the weight ratio of lithium
sulfide and graphene 1s 95:5, the discharge capacity was
relatively excellent. Furthermore, when the lithium sulfide in
the positive electrode active material layer 1s 60 to 80 wt %o,
and further, 60 to 70 wt %, specifically 70 wt %, it can be
seen that the discharge capacity 1s further improved.

FIG. 22 1s an optical image of the positive electrode active
material layer according to Preparation Example A4, and
FIG. 23 1s an optical image of the positive electrode active
material layer according to Comparative Example A3.

Referring to FIGS. 22 and 23, a positive electrode active
material layer formed by casting a slurry containing gra-
phene and sulfur-polyacrylonitrile (5-PAN) according to
Comparative Example A3 exhibited surface cracking due to
aggregation ol constituent materials and thus cannot be
commercialized. However, 1t can be seen that the positive
clectrode active material layer formed by pressurizing the
mixture ol graphene and S-PAN according to Preparation
example A4 shows good morphology without any cracking.

FIG. 24 1s a graph showing the charge and discharge
characteristics of the lithium-sulfur battery according to
Preparation Example B4 with different rates. Here, the
charge was performed at constant current charge at 0.1, 0.2,
and 0.5 c-rate up to 3.0V, and the discharge was performed
to 1.0 V at the same rate as the charge rate. In addition, the
specific capacity shown on the X-axis of FIG. 24 1s repre-
sented by the capacity with respect to the weight of the
sulfur contained 1n the positive electrode active material.

Referring to FI1G. 24, it can be seen that the lithium-sulfur
battery according to Preparation Example B4 exhibits excel-
lent discharge capacity of 1000 mAh/g or more at a rate of
0.5 C after activation at a rate of 0.1 C.

FIG. 25 1s a graph showing charge and discharge char-
acteristics of lithium-sulfur batteries according to Prepara-
tion Example B2 and 1ts modifications, 1n which the loading
of Sulfur was 15 mg/cm and 20 mg/cm instead of 10 mg/cm,
which 1s the loading of Sulfur in Preparation Example B2.
In addition, the specific capacity shown on the X-axis of
FIG. 25 1s represented by the capacity with respect to the
weight of the sulfur contained in the positive electrode
active material.

Referring to FI1G. 25, even if the loading amount of sulfur
to 20 mg/cm, 1t can be seen that the charge and discharge
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characteristics are good. This 1s a characteristic diflicult to
obtain when the slurry casting method 1s used.
FIG. 26 shows an 1n-situ Raman graph for the positive
clectrode active material layer when the lithtum-sulfur bat-
tery according to Preparation Example B2 1s imitially
charged.
Referring to FIG. 26, L1,S of the cubic phase contained 1n
the positive electrode active matenal layer during prepara-
tion may be confirmed to be decomposed and disappeared
within 4 hours, and S, 1s generated as the charging proceeds.
L1,S of the cubic phase may change into orthorhombic phase
as disclosed 1n the above. However, the formation of lithium
polysulfide 1n the charging process 1s not confirmed. Lithium
polysulfide 1s known to limit the mitial charging and dis-
charging efliciency of the lithrum-sulfur battery to about
60% because 1t 1s easy to dissolve 1n the electrolyte and thus
cannot be utilized during discharging process after initial
charging. However, Referring to FIG. 26, 1t was confirmed
that lithium polysulfide was not produced during the nitial
charging process, and thus, the initial charging and discharg-
ing elliciency was estimated to improve to about 79% (see
FIG. 16) since the loss of the lithium polysulfide 1n the
clectrolyte may not occur during the mitial charging process.
On the other hand, the embodiments of the present
invention disclosed 1n the specification and drawings are
merely presented specific examples to aid understanding,
and are not intended to limit the scope of the present
invention. It 1s apparent to those skilled 1n the art that other
modifications based on the technical spirit of the present
invention can be carried out 1n addition to the embodiments
disclosed herein.
The invention claimed 1s:
1. A positive electrode for a lithitum-sulfur battery com-
prising:
a positive electrode active matenial layer including con-
ductive carbon material and sulfur-containing material,

wherein a region 1n which the sulfur-containing material
1s densified and a region in which the conductive
carbon material 1s densified are arranged separately 1n
the positive electrode active matenial layer,
wherein the conductive carbon material 1s not impreg-
nated with the sulfur-containing matenal, and

wherein the positive electrode active matenal layer con-
sists of the region 1n which the sulfur-containing mate-
rial 1s densified and the region in which the conductive
carbon material 1s densified.

2. The positive electrode of claim 1, wherein the sulfur-
contaiming material 1s S;, L1,S, sulfurized polymer, or a
mixture ol two or more thereof.

3. The positive electrode of claim 2, wherein the sulfur-
containing material 1s a mixture of S; and Li,S.

4. The positive electrode of claim 3, wherein the weight
of S; 1s higher than that of L1,S 1n the positive electrode
active matenal layer.

5. The positive electrode of claim 1, wherein the conduc-
tive carbon material 1s graphene.
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6. The positive electrode of claim 1, wherein the weight
of the sulfur-containing material 1s higher than that of the
conductive carbon material 1n the positive electrode active
matenal layer.

7. The positive electrode of claim 1, wherein the positive
clectrode active material layer includes 60 to 90 wt % of the
conductive sulfur-containing material and the remaining wt
% of the carbon material.

8. The positive electrode of claim 1, wherein, in the region
where the sulfur-containing material 1s densified, nano-sized
sulfur-containing material particles are aggregated and sur-
rounded by the conductive carbon matenal.

9. The positive electrode of claim 8, wherein the sulfur-
containing material comprises lithium sulfide nanoparticles,
and some of the lithium sulfide nanoparticles are rod-shaped
nanoparticles.

10. The positive electrode of claim 1, wherein the sulfur-
containing material comprises lithium sulfide, and the
lithium sulfide has an orthorhombic crystal phase.

11. Method for producing a positive electrode for a
metal-sulfur battery of claim 1, comprising:

preparing a mixture i which conductive carbon material

and sultur-containing material particles are mixed; and

putting the mixture into a mold to pressurize to form a

positive electrode active maternial layer which 1s a
freestanding film.

12. The method of claim 11, wherein the sulfur-containing
material 1s Sg, L1,S, sulturized polymer, or a mixture ot two
or more thereof.

13. The method of claim 12, wherein the sulfur-containing
material 1s a mixture of S, and L1,S.

14. The method of claim 13, wherein the weight of S, 1s
higher than that of Li1,S 1n the positive electrode active
material layer.

15. The method of claim 11, wherein the weight of the
sulfur-containing material 1s higher than that of the conduc-

tive carbon material 1n the mixture.

16. The method of claim 11, wherein the pressurization 1s
performed at 750 to 1100 MPa.

17. The method of claim 11, wherein the sulfur-containing
material contains [1,S, and the [1,S has a cubic phase 1n the
mixture, and after being pressed, 1s changed into an ortho-
rhombic phase 1n the positive electrode active material layer.

18. A metal-sulfur battery comprising:

the positive electrode of claim 1;

a negative electrode positioned to face the positive elec-

trode; and

an electrolyte located between the positive electrode and

the negative electrode.

19. The metal-sulifur battery of claam 18, wherein the
clectrolyte 1s a non-aqueous liquid electrolyte.

20. The metal-sulfur battery of claim 19, wherein the
clectrolyte further includes an ammonium salt.
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